Disorders of human neocortical development are particularly difficult to study by using animal models because of the marked complexity and unique features of the human cerebral cortex. Developmental effects of cocaine, as well as other drugs and toxins, are particularly challenging to study due to complicating factors such as variations in genetic background, time of exposure, and exposure to multiple substances. Studies aimed at elucidating the effects of cocaine on fetal brain development have used rodent cell lines, primary human cells, and rat models to show that cocaine metabolism by cytochrome P450 results in oxidative ER stress and subsequent impairment of neural progenitor cell proliferation. Recently, in vitro models of neocortical development have been generated by using pluripotent stem cells. One such model, utilizing human pluripotent stem cells, reproduced the formation of neocortical glutamatergic and GABAergic neurons on radial glial scaffolding structure in a temporally sensitive manner mimicking human in vivo neocortical development. Cocaine exposure resulted in the accumulation of reactive oxygen species (ROS), premature neuronal differentiation, accelerated development of deep-and upper-layer glutamatergic neurons, and increased formation of GABAergic interneurons. Each of these changes was inhibited by the cytochrome P450 inhibitor cimetidine. These studies suggest that, in the developing human cerebral cortex, cocaine metabolism through cytochrome P450-dependent ROS generation leads to premature neuronal differentiation of neocortical progenitors and impaired neocortical patterning. Although the overall organization of the neocortex is similar in all mammals, the complexity of the human cortex is unique, and is arguably the anatomical feature that most clearly distinguishes humans from other animals [1, 2] . During neocortical development, forebrain cortical progenitors are sequentially specified to form various neuronal subtypes, and subsequently form the stereotypic layered cortical structure [3] . Due to vast differences between the human neocortex and that of frequently used model systems, rodents in particular, a human cell-based in vitro model, that preserves the essential spatial and temporal processes involved in neocortical development has recently been developed by Kindberg and coworkers [4] . This model has the potential to enable mechanistic studies of human neocorticogenesis, and thereby to provide new avenues for drug discovery and treatment of certain neurological disorders.
Disorders of human neocortical development are particularly difficult to study by using animal models because of the marked complexity and unique features of the human cerebral cortex. Developmental effects of cocaine, as well as other drugs and toxins, are particularly challenging to study due to complicating factors such as variations in genetic background, time of exposure, and exposure to multiple substances. Studies aimed at elucidating the effects of cocaine on fetal brain development have used rodent cell lines, primary human cells, and rat models to show that cocaine metabolism by cytochrome P450 results in oxidative ER stress and subsequent impairment of neural progenitor cell proliferation. Recently, in vitro models of neocortical development have been generated by using pluripotent stem cells. One such model, utilizing human pluripotent stem cells, reproduced the formation of neocortical glutamatergic and GABAergic neurons on radial glial scaffolding structure in a temporally sensitive manner mimicking human in vivo neocortical development. Cocaine exposure resulted in the accumulation of reactive oxygen species (ROS), premature neuronal differentiation, accelerated development of deep-and upper-layer glutamatergic neurons, and increased formation of GABAergic interneurons. Each of these changes was inhibited by the cytochrome P450 inhibitor cimetidine. These studies suggest that, in the developing human cerebral cortex, cocaine metabolism through cytochrome P450-dependent ROS generation leads to premature neuronal differentiation of neocortical progenitors and impaired neocortical patterning.
To cite this article: Chun-Ting Lee, et al. Modeling cocaine-induced alterations in organization and patterning of neocortical development using human pluripotent stem cells. Stem Cell Transl Invest 2015; 2: e553. doi: 10.14800/scti.553.
Although the overall organization of the neocortex is similar in all mammals, the complexity of the human cortex is unique, and is arguably the anatomical feature that most clearly distinguishes humans from other animals [1, 2] . During neocortical development, forebrain cortical progenitors are sequentially specified to form various neuronal subtypes, and subsequently form the stereotypic layered cortical structure [3] . Due to vast differences between the human neocortex and that of frequently used model systems, rodents in particular, a human cell-based in vitro model, that preserves the essential spatial and temporal processes involved in neocortical development has recently been developed by Kindberg and coworkers [4] . This model has the potential to enable mechanistic studies of human neocorticogenesis, and thereby to provide new avenues for drug discovery and treatment of certain neurological disorders.
RESEARCH HIGHLIGHT
The human cerebral cortex is particularly vulnerable to physical injury as well as toxin-related disorders of brain development. Cocaine use among pregnant women is a major public health concern in the United States, and has been associated with increased risk to the development of the fetus, and profound effects on brain development specifically. Although epidemiological studies of the effects of cocaine on fetal brain development appear conflicting, this is likely a result of uncontrollable confounding variables such as cocaine dose, gestational timing, prenatal care, and polydrug use. In fact, several studies show that when the developing human fetus is exposed to high doses of cocaine the resulting neurological deficits are substantial [5] [6] [7] .
One of the most prominent adverse effects of cocaine on the development of the brain involves interference with neocortical development. Effects of cocaine on the development of the neocortex include learning disabilities [8, 9] ; attention deficits [10] , language delays [5, 11, 12] , and interruptions in motor development [13, 14] . Mechanistic analysis of the alterations in neocortical development resulting from fetal cocaine exposure could shed light on the resulting neurobehavioral and developmental deficits due to cocaine exposure in utero.
In primates, prenatal cocaine exposure during the second trimester, when neural progenitor cells are most active in the cell cycle, induces cytoarchitectural abnormalities in the embryonic neocortex including a decrease in the number of cortical neurons and neuronal displacement in the cerebral wall [15] [16] [17] . Consistent with these primate studies, during periods of early neocorticogenesis in rodents, defined by mitotically active neural progenitor cells in the ventricular zone (VZ), cocaine inhibits growth of the neocortex and disrupts the distribution of glutamate and GABAergic neurons [18] .
The specific alterations in the neocortex as a result of cocaine exposure at critical developmental periods, when proliferative activity of neural progenitors in the VZ is active, suggests that cocaine may exert effects primarily on neocortical development through alterations to neural progenitor cell function. Using a rodent neural progenitor cell line, Lee and coworkers [19] found that down-regulation of cyclin A underlies cocaine-induced inhibition of proliferation in neural progenitors through interference in the cell cycle at the G1/S phase transition. The down-regulation of cyclin A is initiated by the N-oxidative metabolism of cocaine, resulting in oxidative ER stress signaling via the PERK/eIF2a/ATF4 pathway. Using selective cytochrome P450 inhibitors to block the N-oxidative metabolism of cocaine reversed cocaine-induced down-regulation of cyclin A and neural progenitor cell proliferation deficits. These findings indicate a potential strategy to counteract the effects of cocaine on neocortical development through treatment with cytochrome P450 inhibitors.
However, there are substantial species-specific differences in drug metabolism, especially in cytochrome-P450 metabolism [20] , which limits the extrapolation of data from animal model-based studies directly to humans. To further analyze the biological mechanisms of cocaine-induced cytoarchitectural changes in the embryonic neocortex in a human specific manner, Kindberg and coworkers [4] developed an in vitro model of human cerebral cortical development. Several protocols for differentiating cortical neurons from pluripotent stem cells (PSCs) have previously been described [21, 22] . While these studies employing embryonic stem cells (ESCs) and/or induced pluripotent stem cells (iPSCs) have achieved temporal generation of deep-and upper-layer cortical neurons, other important facets of the developing human neocortex, including scaffolding support of migrating cortical neurons, has not been attained in these models. In addition, even though the origin of GABAergic neocortical interneurons in humans is subject to some debate, a subset of neocortical GABAergic neurons, originating from Mash1 + progenitors in the dorsal forebrain ventricular and subventricular zones (VZ/SVZ) have been reported in humans but not in rodents [23] . Because the number and diversity of GABAergic interneurons, as well as the organization of the cortex, are crucial to the complex functions of the neocortex [24, 25] , being able to reconstruct neocortical development in a manner which includes both glutamatergic and GABAergic cortical neurons on radial glial scaffolding, mimicking crucial aspects of human neocortical development, was the primary goal of generating this in vitro model [4] . Kindberg and coworkers [4] hypothesized that difficulties in generating more complete human cortical structures from PSCs in vitro could be due to the complete dissociation and later re-aggregation of the PSCs, a common method used in currently available protocols [21, 26] . This dissociation disrupts cell-to-cell communication, such as gap junctions, which play a crucial role in cell differentiation [27] , possibly resulting in a lack of the ability of human PSCs (hPSCs) to differentiate to multi-lineage neocortical cells types. Additionally, defined neocortical trophic factors, such as basic fibroblast growth factor (bFGF), are important for establishing the dorsal neuroepithelium of the anterior neocortex [28] , maintaining the proliferative neuroepithelial (NE) pool [29] and priming these neural progenitors with a radial glial identity [30] . Therefore, hPSC aggregates were preserved, allowing embryoid body (EB) formation. Also, supplementation of the medium with bFGF enabled conversion of hPSCs to NE cells in organized structures that resemble the developing human VZ early in neocortical development. In addition, FGF18, BDNF and NT3, each of which plays a role in neocortical patterning and development [31] [32] [33] [34] [35] , were used to supplement later cortical neuronal differentiation. Cell-culture supplements such as retinoids, despite having been shown to increase conversion of ES cells to PAX6
+ cortical NE cells [21] , also have been implicated in guiding hPSCs to a ventral GABAergic neuronal fate [36] , and were therefore excluded from this protocol. The resulting hPSC-based model thus mirrors many of the properties of human neocortical development. Significant features of this model system include development of neocortical progenitor cells, glutamatergic projection neurons, dorsal telencephalon-derived GABAergic interneurons, and radial glial scaffolding. These features develop in a manner that closely resembles normal development of the human cerebral cortex. Additionally, the glutamatergic projection neurons were generated in a temporally sensitive manner mimicking in vivo neocortical development, with deep-layer CTIP2 + neurons appearing earlier, migrating outwards, aligned along the extended radial projections and then dispersing from the colonies, followed by generation of upper-layer SATB2 + neurons, which also appear to migrate along the radial glial fibers [4] . This hPSC-based neocortical model was then used to examine the mechanistic effects of cocaine on human neocortical development [4] . Cocaine was found to induce accumulation of ROS in neocortical progenitors, followed by premature neuronal differentiation and accelerated generation of deep-and upper-layer glutamatergic projection neurons, and increased formation of GABAergic interneurons [4] . Importantly, each of these changes induced by cocaine was inhibited by cimetidine, a cytochrome P450 inhibitor. These data suggest that cocaine metabolism through cytochrome-P450-dependent ROS generation leads to the premature neuronal differentiation of neocortical progenitors, and impaired neocortical patterning.
Lee and coworkers [37] previously reported that cocaine down-regulates cytoskeleton-related genes including ezrin, γ2 actin, α3d tubulin and α8 tubulin in primary human neural progenitor cells. In the future, the role of these genes in cytoskeletal organization and cell motility in neural progenitor cells and how this is altered by cocaine could be examined using this hPSC-based model. Additional studies might employ this model to examine genetic, nutritional, or environmental conditions which contribute to susceptibility to cocaine-induced developmental damage. For example, it is conceivable that low levels of exposure to other developmental toxins, such as lead or to alcohol, exacerbate cocaine-induced developmental injury. Not only can this model be used to analyze and develop therapeutic strategies to prevent cocaine-induced neocortical disorders, but also, being a complex and temporally accurate representation of the dorsal forebrain, could provide new avenues for studying other toxin-induced diseases and neurodevelopmental disorders that affect the neocortex.
